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It is known that infection with Sindbis virus (SNV) induces apoptosis, which is inhibited by two pro-survival members of the
Bcl-2 family, Bcl-2 and Bcl-xL. However, the mechanism of involvement of the other members of the Bcl-2 family in
SNV-induced apoptosis remains unclear. In this study we report that Bad protein, one of the pro-apoptotic Bcl-2 family
members, mediates apoptosis in the mammalian cells infected with SNV. Expression of Bad was shown to promote
SNV-induced apoptosis in human embryonic kidney 293T and baby hamster kidney cells. SNV infection also induced
translocation of endogenous Bad into mitochondria and heterodimerization of Bad with Bcl-xL. On the other hand, the
structurally most similar pro-survival members, Bcl-2, Bcl-xL, and Bcl-w, suppressed SNV-induced apoptosis in the absence
of Bad, whereas Mcl-1 and A1 did not. Bcl-w could inhibit SNV-induced apoptosis in the presence of Bad, but Bcl-xL could
not. Bad could be coimmunoprecipitated with Bcl-xL or Bcl-2, but not with Bcl-w. Two viral Bcl-2 homologs, E1B19K and
BHRF1, also suppressed SNV-induced apoptosis irrespective of the presence of Bad and no physical association with Bad
was observed. These results suggest that direct interaction of Bad with pro-survival members of the Bcl-2 family contributes
to the progress of SNV-induced apoptosis and that nonbinding members restrain SNV-induced apoptosis irrespective of Bad
expression. © 2002 Elsevier Science
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Sindbis virus (SNV) causes rash, arthralgia, and mod-
erate fever in humans and encephalitis in the mouse
(Espmark and Niklasson, 1984). By natural transmission,
SNV induces persistent infections in most mosquito
cells, but apoptosis in neurons and other vertebrate cells
(Griffin and Hardwick, 1997; Levine and Griffin, 1992,
1993; Lewis et al., 1996). The SNV-induced apoptosis
correlates well with the neurovirulence and the age-
dependent fatal encephalitis observed in in vivo and in
vitro studies (Levine and Griffin, 1993; Lewis et al., 1996).
Increases in levels of Bcl-2 led to long-term persistent
productive infection in brain and the resistance to SNV-
induced apoptosis (Levine et al., 1993). Recombinant
SNV, comprising the bcl-2-gene placed downstream of a
subgenomic promoter, showed a significantly lower mor-
tality rate than the parent virus (Levine et al., 1996),
suggesting that the pro-survival activity of Bcl-2 protects
mice from the fatal alphavirus encephalitis. Beclin, one of
the Bcl-2 interacting proteins, was shown to decrease
the numbers of apoptotic cells and SNV RNA-positive
cells, and viral titers in the brains of mice infected with1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 81-6-6879-8269. E-mail: kohji@biken.osaka-u.ac.jp.
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258SNV (Liang et al., 1998). These lines of evidence suggest
that infection with SNV induces apoptosis through the
Bcl-2-inhibitory pathway. Although there are more than
18 members of the Bcl-2 family (Adams and Cory, 1998),
little is unknown about the ability of other members of the
Bcl-2 family to regulate SNV-induced apoptosis.
Programmed cell death, apoptosis, plays important
roles in development, differentiation, and infectious dis-
eases by removing unwanted cells (Vaux and Korsmeyer,
1999). In mammals, the execution steps of apoptosis
occur through the activation of cystein proteases
(caspases) classified into more than 10 different forms
(Thornberry and Lazebnik, 1998). For the activation of
apoptosis, initiator caspases such as caspase-9 cleave
themselves by binding to adapter proteins such as
Apaf-1 (Li et al., 1997; Zou et al., 1999). Once cleaved,
they can initiate caspase cascades involving the down-
stream caspase-3 (Zou et al., 1999). Apoptotic conditions
that are created by UV, ionizing radiation, anti-cancer
drugs, ionophores, some viral infections, and cytokine
deprivation are achieved by the release of cytochrome c
from mitochondria (Cecconi et al., 1998; Yoshida et al.,
1998). The pathway via cytochrome c is controlled by
Bcl-2 protein family members (Narita et al., 1998; Shimizu
et al., 1999).Members of the Bcl-2 family are classified into two
groups, pro-survival and pro-apoptotic groups (Adams
259FUNCTION OF Bcl-2 FAMILY IN SINDBIS VIRUS-INFECTED CELLand Cory, 1998). All members of the Bcl-2 family have at
least one of four Bcl-2 homology (BH) domains (BH1 to
BH4). Bcl-2, Bcl-xL, Bcl-w, Mcl-1, Boo/Diva, A1/Bfl-1,
vBcl-2, BHRF-1, E1B19K, and so on have been reported to
be members of the pro-survival group (Boise et al., 1993;
Choi et al., 1995; Gibson et al., 1996; Henderson et al.,
1993; Huang et al., 1997; Kozopas et al., 1993; Lin et al.,
1993; Sarid et al., 1997; Song et al., 1999; Vaux et al.,
1988) (Fig. 1). Bcl-2, Bcl-xL, and Bcl-w are closely related,
based on protein structure and are pro-survival proteins
containing all BH domains (Fig. 1). The pro-apoptotic
group is further divided into two subgroups, the Bax
subgroup (Bax, Bak, and Bok) and the BH3-only sub-
group (Bad, Bim, Bid, Bik, Hrk, and so on) (Boyd et al.,
1995; Farrow et al., 1995; Hsu et al., 1997; Inohara et al.,
1997; O’Connor et al., 1998; Oltvai et al., 1993; Wang et al.,
1996; Yang et al., 1995). Bcl-2 and Bcl-xL can bind to a
voltage-dependent anion channel (VDAC) on the outer
membrane of the mitochondria and then close the chan-
nel to prevent the release of cytochrome c from the
intermembrane space (Shimizu et al., 1999). On the other
FIG. 1. Alignment of the Bcl-2 family members. (A) Diagrammatic
representation of pro-survival members of the Bcl-2 family. TM indi-
cates the transmembrane region. (B) Alignment of amino acid se-
quence of Bcl-2 homology domains.hand, Bax and Bak, the Bax subgroup, form a permeabil-
ity transition pore complex with VDAC which can thenmediate the release of cytochrome c into the cytosol
(Narita et al., 1998; Shimizu et al., 1999). Cytosolic cyto-
chrome c interacts with Apaf-1, and the Apaf-1–cyto-
chrome c complex forms an oligomer with caspase-9 to
promote autocatalysis of caspase-9 (Srinivasula et al.,
1998; Zou et al., 1999). Members of the BH3-only sub-
group share limited homology only within the BH3 do-
main, a domain which binds to a cleft on the surface of
pro-survival members of the Bcl-2 family (Sattler et al.,
1997; Yang et al., 1995). Thus, the mechanism by which
members of BH3-only subgroup induce apoptosis ap-
pears to antagonize pro-survival members. Some phos-
phatases, calcineurin, and phosphatase 1 alpha, de-
phosphorylate Bad after the induction of apoptosis (Ayl-
lon et al., 2000; Wang et al., 1999) and allow it to be
released from 14-3-3 protein (Datta et al., 1997, 2000; Zha
et al., 1996). Dephosphorylated Bad specifically interacts
with Bcl-xL and Bcl-2 and then inhibits their pro-survival
activity (Wang et al., 1999). However, whether the ability
to interact with other pro-survival members is essential
for the pro-apoptotic activity of Bad remains unclear
(Holmgreen et al., 1999).
The mechanism of SNV-induced apoptosis occurring
upstream of the involvement of Bcl-2 or Bcl-xL is largely
unknown. Infection with SNV can induce apoptosis from
the moment of fusion with the cell membrane and virus
replication is not required (Jan and Griffin, 1999). SNV
entry activates acidic sphingomyelinase and then cer-
amide induces apoptosis (Jan et al., 2000). Ceramide
acts as an early mediator for triggering SNV-induced
apoptosis. It is also linked to the pro-apoptotic factor(s)
regulated by Bcl-2, because overexpression of Bcl-2 in-
hibited ceramide-induced apoptosis (Jan et al., 2000).
The target protein for released ceramide, and the pro-
apoptotic factors proximal to the involvement of Bcl-2 or
Bcl-xL in the SNV-induced apoptosis, remain unclear.
Pro-apoptotic members of the Bcl-2 family are expected
to be the candidates that mediate SNV-induced apopto-
sis, because they directly bind to Bcl-2 or other pro-
survival members and promote apoptosis (Adams and
Cory, 1998) and Apaf-1-deficient fibroblast cells exhibited
the resistance to SNV-induced apoptosis (Balachandran
et al., 2000). There are at least two pro-apoptotic sub-
groups as described above. Lewis et al. have used
knock-out mice to determine the role of Bax on the
inhibition of SNV-induced apoptosis and suggested that
members of the Bax subgroup do not function as pro-
apoptotic proteins in SNV-induced apoptosis (Lewis et
al., 1999). On the other hand, it remains unclear whether
the BH3-only subgroup, e.g., Bad, is involved in SNV-
induced apoptosis.
To elucidate the SNV-meditated apoptotic pathway, we
investigated whether Bad is activated by SNV infection
and whether Bcl-w, Mcl-1, A1, E1B19K, and BHRF1 can
suppress SNV-induced apoptosis.
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Suppression of SNV-induced apoptosis by pro-
survival members of the Bcl-2 family
There are at least five pro-survival members of the
Bcl-2 family found in mammalian cells, Bcl-2, Bcl-xL,
Bcl-w, Mcl-1, and A1/Bfl-1 (Fig. 1). Although Bcl-2 and
Bcl-xL are well known to suppress SNV-induced apopto-
sis, whether Bcl-w, Mcl-1, and A1 have an anti-apoptotic
effect on SNV-induced apoptosis remains unclear. Thus,
we prepared BHK cell line expressing Flag-tagged Bcl-2,
Bcl-xL, Bcl-w, Mcl-1, or A1, and examined the effect of the
mammalian pro-survival members of the Bcl-2 family on
the SNV-induced apoptosis. Figure 2 shows the effect of
expression of Bcl-2 family members on SNV-induced
apoptosis. Expression levels of these proteins in the
transfected cell lines were similar to each other. Cell
lines expressing Bcl-2 or Bcl-xL exhibited clear suppres-
sion of SNV-induced apoptosis as reported previously
(Cheng et al., 1996; Clem et al., 1998; Grandgirard et al.,
1998; Levine et al., 1996; Levine and Griffin, 1993). Bcl-w
also suppressed SNV-induced apoptosis to the same
FIG. 2. Effect of the Bcl-2 family members on SNV-induced apoptosis.
BHK cell line transfected with pEF Flag-pGK puro, or the plasmid
encoding members of the Bcl-2 family was prepared as described in
Materials and Methods. These transfected cell lines were infected with
SNV (m.o.i. 5 1) at 48 h posttransfection. Dead cells were counted at
48 h postinfection by trypan blue exclusion. Error bars indicate stan-
dard deviations. The data are representative of three experiments.
Asterisks indicate that the value is statistically different from BHK cell
line transfected with empty vector (P , 0.1). Expression levels of
Flag-tagged Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1 in each stable cell line
were confirmed by immunoblotting with anti-Flag antibody (inside
panel).degree as Bcl-2 and Bcl-xL. However, no significant sup-
pression of SNV-induced apoptosis was observed inBHK cell lines expressing either Mcl-1 or A1. These
results suggest that Bcl-2 and its closest structural rel-
atives, Bcl-xL, and Bcl-w, efficiently suppress SNV-in-
duced apoptosis.
Enhancement of SNV-induced apoptosis by
expression of Bad
Enhancement of SNV-induced apoptosis by the ex-
pression of Bad was not obvious at 48 h postinfection
(Fig. 2). Thus, the cells expressing Bad were infected
with SNV and the resulting cell death was assessed at
24 h postinfection. Most of 293T cells transiently ex-
pressed Bad died at 24 h posttransfection, whereas cells
transfected with empty plasmid did not die (Fig. 3A).
Transient expression of Bad also enhanced SNV-induced
apoptosis in BHK cells (data not shown). On the other
hand, 293T cells transiently expressed Bad died by treat-
ment of anti-Fas antibody and cycloheximide at a similar
level to the cells transfected with the empty vector, sug-
gesting that transient expression of Bad did not enhance
the Fas-mediated apoptosis (Fig. 3B). Yang et al. reported
that overexpressed Bad by itself did not affect apoptosis
in FL5.12 cell lines (Yang et al., 1995). Transient expres-
sion of Bad did not induce cell death in 293T (Fig. 3A) and
BHK cell lines (data not shown). Therefore, we thought to
establish cell lines constitutively expressing Bad. Three
BHK cell lines expressing HA-tagged Bad at different
levels were established to examine the effect of SNV on
apoptosis. These cell lines died at 24 h postinfection
dependent of expression amount of Bad (Fig. 3C). Al-
though control cells did not die at 24 h postinfection
irrespective of a multiplicity of infection (m.o.i.), Bad-BHK
cell line 3 died at 24 h at an m.o.i. of more than 1.25 (Fig.
3D). The number of dead cells infected with SNV at an
m.o.i. of more than 10 was similar to that obtained at an
m.o.i. of 1.25 (data not shown). Staining with Hoechest
33258 revealed fragmentation of chromatin in Bad-BHK
cells infected with SNV, but not in control cells (data not
shown). These data suggest that Bad expression poten-
tiates SNV-induced apoptosis.
Pro-apoptotic activation of Bad by SNV infection
Endogenous Bad was cytosolic in healthy cells by
phosphorylation and translocated to mitochondria under
an apoptotic condition (Wang et al., 1999). To determine
whether SNV infection induces pro-apoptotic activation
of endogenous Bad, we examined intracellular localiza-
tion of endogenous Bad and heterodimerization of en-
dogenous Bad with Bcl-xL. Morphological change affects
observation of the localization of intracellular proteins.
Caspase-3 is the pro-apoptotic protease downstream of
Bcl-2 family members. Thus, caspase-3 inhibitor inhibits
the formation of apoptotic body and morphological
change but not Bad activation. Endogenous Bad is a
as a c
tinfectio
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dria in healthy cells, whereas most of endogenous Bad is
localized in mitochondria in SNV-infected cells (Fig. 4).
Caspase inhibitor alone did not affect the localization of
endogenous Bad in healthy cells. Some apoptotic sig-
nals such as UV and anti-cancer drugs are known to
induce the heterodimerization of Bcl-2 family members
under a nondetergent condition (Hsu et al., 1997; Wolter
et al., 1997). In the absence of detergent, anti-Bad anti-
body precipitated endogenous Bcl-xL in lysate of SNV-
infected HeLa cells, but not uninfected cells (Fig. 5A).
FIG. 3. Enhancement of SNV-induced apoptosis in the presence of B
plasmid (CTRL) or with the plasmid encoding Bad (Bad). The data are re
cells were infected with SNV at 10 m.o.i. Dead cells were counted at 24
were treated with 5 mg/ml cycloheximide and/or anti-Fas antibody. Dead
expressing HA-tagged Bad were established. Three cell lines (Bad-BHK
after 24 h postinfection. Expression levels of HA-tagged Bad in cell lin
line transfected with an empty plasmid (open square) was established
with SNV at the indicated m.o.i. Dead cells were counted at 24 h posHyperphosphorylated Bad is known to be inactivated
by binding to the 14-3-3 protein in healthy cells (Zha etal., 1996). Once dephosphorylated, Bad acquires the abil-
ity to suppress the pro-survival activity of Bcl-xL and
Bcl-2 (Datta et al., 1997; Harada et al., 1999; Holmgreen et
al., 1999; Wang et al., 1999; Yang et al., 1995). It is known
that dephosphorylated Bad migrates faster than phos-
phorylated Bad in SDS-PAGE. Figure 5B shows that the
increase in the ratio of the dephosphorylated to the
phosphorylated Bad was dependent on the postinfection
period in the Bad-BHK cell line infected with SNV. En-
dogenous Bad also migrated faster than that in the
healthy cells (Fig. 5A). These data suggest that SNV
man embryonic kidney 293T cell lines were transfected with an empty
tative of four independent experiments. (A) After 48 h posttransfection,
infection by trypan blue exclusion. (B) After 48 h posttransfection, cells
ere counted at 48 h after the treatment. (C) Three BHK cell lines stably
3, and cl 5) were infected with SNV at 10 m.o.i. Dead cells were counted
3 106) were confirmed by immunoblotting (inside panel). (D) BHK cell
ontrol cell line. Bad-BHK cl 3 and the control cell lines were infected
n by trypan blue exclusion.ad. Hu
presen
h post
cells w
cl 1, cl
es (10infection induces pro-apoptotic activation of endogenous
Bad.
FITC-co
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Releasing cytochrome c from mitochondria into the
cytosol is a possible consequence of Bad activation. We
examined cytochrome c release in the Bad-BHK cell line
infected with SNV. Cytosolic proteins localize in the sol-
FIG. 4. Intracellular localization of endogenous Bad. HeLa cells gro
presence of z-DEVD-FMK, treated with 250 nM MitoTracker Red CM
permeabilizing with 1% Triton X-100, endogenous Bad was stained by
microscopy.
FIG. 5. Pro-apoptotic activation of Bad by SNV infection. (A) HeLa
cells were infected with SNV at an m.o.i. of 10, harvested at 24 h
postinfection, and then homogenized in the lysis buffer without Triton
X-100 and glycerol. Endogenous Bcl-xL immunoprecipitated with anti-
Bad antibody was detected by Western blotting. (B) Bad-BHK cl 3 cells
infected at an m.o.i. of 10 were harvested at the indicated time postin-
fection. After centrifugation, the resulting supernatant was subjected to
SDS-PAGE and immunoblotting with anti-HA antibody. The data are
representative of two independent experiments.uble fraction after treatment with digitonin, while cy-
toskeletons, organelles, and membranes localize in the
insoluble fraction of lysates (Ramsby et al., 1994). Cyto-
chrome c was detected in cytosol fractions of Bad-BHK
cells at 16 and 24 h postinfection, but cytochrome oxi-
dase subunit IV (COX IV), a marker protein of mitochon-
dria, was not (Fig. 6). These results suggest that the SNV
infection induces cytochrome c release.
24-well slide glass were infected with SNV at an m.o.i. of 10 in the
and then fixed with paraformaldehyde at 24 h postinfection. After
njugated anti-Bad antibody. All samples were observed with confocal
FIG. 6. Cytochrome c release induced by SNV infection. Bad-BHK cl
3 cells were permeabilized with digitonin buffer at the indicated time
postinfection. After centrifugation, the supernatant (S) was used as the
cytosolic fraction and the pellet was suspended in RIPA lysis buffer,
incubated for 30 min on ice, and then centrifuged. The resulting super-
natants were used as digitonin-insoluble fractions (P). Cytochrome c
and cytochrome c oxygenase subunit IV (COX IV) were visualized bywn on
XRos,immunoblotting as described in Materials and Methods. The data are
representative of two independent experiments.
A-Bad
he dat
263FUNCTION OF Bcl-2 FAMILY IN SINDBIS VIRUS-INFECTED CELLSuppression of SNV-induced apoptosis by Bcl-xL or
Bcl-w in the presence of Bad
Bad is known to be expressed in neuronal cells of the
brain rather than in glial cells (Kitada et al., 1998). It is
possible that SNV causes encephalitis and apoptosis in
the brain through Bad. In addition, Bcl-xL and Bcl-w are
also prominently expressed in neuronal cells of brain
and sensory neuron (Hamner et al., 1999; Middleton et
al., 2000; O’Reilly et al., 2001). Thus, we examined
whether Bcl-xL and Bcl-w can suppress SNV-induced
apoptosis in the presence of Bad. BHK cell lines ex-
FIG. 7. Suppression of SNV-induced apoptosis by Bcl-xL or Bcl-w in th
(Bad/Bcl-xL cl 3, cl 6, and cl8), or both Flag-Bcl-w and HA-Bad (Bad/Bcl-w
Expression levels of HA-Bad, Flag-Bcl-xL, and Flag-Bcl-w in each st
antibodies (A). Stable BHK cell lines coexpressing Flag-Bcl-xL and/or H
5 1). Dead cells were measured at the indicated time postinfection. Tpressing both Bad and Bcl-xL (Bad/Bcl-xL cl 3, cl 6, and
cl 8), and both Bad and Bcl-w (Bad/Bcl-w cl 4, cl 6, and cl8) were established. Bcl-xL was expressed in Bad/Bcl-xL
cell lines to the same degree as Bcl-w in Bad/Bcl-w cell
lines, whereas Bad expression in the Bad/Bcl-xL clones
was lower than that in Bad/Bcl-w clones (Fig. 7A). Cell
death was observed from 24 to 48 h postinfection in all
Bad/Bcl-xL cell lines to a higher degree than that ob-
served in the control cell line which was transfected with
empty vectors (Fig. 7B). Although cell death was ob-
served in all Bad/Bcl-w cell lines at 48 h postinfection,
dependent of expression amount of Bad, all Bad/Bcl-w
cell lines showed higher resistance to SNV-induced
ence of Bad. BHK cell lines coexpressing both Flag-Bcl-xL and HA-Bad
l 6, and cl 8) were established as described in Materials and Methods.
ll line were confirmed by immunoblotting with anti-HA or anti-Flag
(B), and Flag-Bcl-w and/or HA-Bad (C) were infected with SNV (m.o.i.
a are representative of three independent experiments.e pres
cl 4, c
able ceapoptosis than the control cell line (Fig. 7C). No significant
difference between the control and Bad/Bcl-w cell lines
gged B
ents. A
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These results suggest that Bcl-w suppresses Bad-medi-
ated apoptosis.
Binding of Bad to Bcl-2-closest relatives
Bad directly binds to Bcl-2 and Bcl-xL through the BH3
domain and then suppresses their pro-survival activity to
promote apoptosis, although interaction between Bcl-w
and Bad has not been observed and it is unclear whether
FIG. 8. Binding of Bad to Bcl-2, Bcl-xL, and Bcl-w. (A) BHK cells were
together with either the plasmid encoding Flag-Bcl-xL or Flag-Bcl-w. Pro
by SDS-PAGE, and then visualized by immunoblotting with anti-Fla
independent experiments. Asterisks indicate nonspecific or IgG bands
quantitative standard. (B) BHK cells were transfected with the plasmid
Flag-Bcl-w. Proteins immunoprecipitated with anti-HA antibody (HA11) w
antibodies. Data shown are representative of three independent experim
cotransfected with the plasmid encoding HA-Bad, together with the p
precipitated in the presence (1) or absence (2) of anti-HA antibody
SDS-PAGE as positional reference and quantitative standard (L) . Flag-ta
antibody. Data shown are representative of three independent experimor not Bcl-w can bind to Bad (Holmgreen et al., 1999;
Metcalfe et al., 1999). Thus, we examined whether Bcl-wdirectly binds to Bad and affects the interaction between
Bcl-xL and Bad. Bcl-xL and Bcl-w did not bind to Sepha-
rose coupled with Protein G (Fig. 8A, lanes 1 and 2).
Bcl-xL was coprecipitated with Bad (Fig. 8A, lane 4) in
BHK cells, but Bcl-w was not (Fig. 8A, lane 3). Although
expression of Bcl-xL was lower in BHK cells transiently
expressing Bad, Bcl-xL, and Bcl-w than in those express-
ing both Bad and Bcl-xL, Bcl-xL interacted with Bad to the
same degree in both cell lines (Fig. 8A, lanes 4 and 5).
sfected with the plasmid encoding either HA-Bad or just empty vector,
ere immunoprecipitated by using anti-HA antibody (HA11), fractionated
anti-HA (3F10) antibodies. Data shown are representative of three
ty microliters of input lysate was subjected to Western blotting as the
ing HA-Bad or just empty vector, together with the plasmid encoding
ualized by immunoblotting with anti-Bcl-x, anti-HA (3F10), and anti-Flag
The asterisk indicates the light chain of IgG bands. (C) 293T cells were
encoding Flag-tagged Bcl-2, Bcl-xL, or Bcl-w. Proteins were immuno-
) and then fractionated by SDS-PAGE. Cell lysate was subjected to
cl-2-closest relatives were visualized by immunoblotting with anti-Flag
sterisks indicate nonspecific or IgG bands.cotran
teins w
g and
. Twen
encod
ere vis
ents.
lasmid
(HA11Furthermore, Bad could also bind to endogenous Bcl-xL
(Fig. 8B, lane 2), and the expression of Bcl-w did not
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expressed Bad (Fig. 8B, lane 3). These data suggest that
Bad strongly binds to Bcl-xL but not to Bcl-w in BHK cells.
Bcl-xL and Bcl-2 were efficiently coprecipitated with Bad
in 293T cells, but Bcl-w was not (Fig. 8C), suggesting that
the interaction between Bad and the Bcl-2-closest rela-
tives is not dependent upon cell type. To examine the
subcellular distribution of Bad and Bcl-w, BHK cell line
was stained with specific antibodies and analyzed by
confocal microscopy. Figure 9 shows that the localization
of Bcl-w is clearly distinct from that of Bad, despite
overexpression. The immunoprecipitation and intracellu-
lar distribution data indicate that Bcl-w is not a binding
partner of Bad.
Suppression of SNV-induced apoptosis by E1B19K or
BHRF1 in the presence or absence of Bad
Like mammalian members of the Bcl-2 family, adeno-
virus-coded E1B19K and Epstein-Barr virus-coded
BHRF1 bind to Bax subgroup, Bax and Bak (Chen et al.,
1996; Farrow et al., 1995; Hsu et al., 1997), although both
proteins share only a limited number of amino acids in
their BH domains (Fig. 1). E1B19K is known to be func-
tionally equivalent to Bcl-2 and Bcl-xL (Huang et al.,
1997). In contrast, BHRF1 are different from the Bcl-2-
closest relatives with regard to binding specificity, be-
cause Bok, another member of Bax subgroup, could bind
to BHRF1, but not Bcl-2, Bcl-xL, or Bcl-w (Hsu et al., 1997).
In addition, a functional difference between Bcl-2 and
BHRF1 has been reported (Dawson et al., 1998). Little is
known about the pro-survival activity of both viral Bcl-2
homologs to suppress SNV-induced apoptosis. To further
analyze functional characteristics of the Bcl-2 family, we
examined the ability of viral Bcl-2 homologs to suppress
SNV-induced apoptosis in the absence and presence of
Bad. BHK cells were transfected with the plasmid encod-
ing either E1B19K or BHRF1, together with the plasmid
encoding Bad or with an empty control plasmid. All cell
lines were established in medium containing puromycin
and/or Zeocin. Although expression levels of BHRF1
were lower than those of the other plasmids (Fig. 10A,
left), BHK cell line expressing either E1B19K or BHRF1
showed a resistance to SNV to the same degree as that
observed in the cell line expressing Bcl-w (Fig. 10B). Bad
was expressed in Bad/BHRF1 and Bad/E1B19K cell lines
to the same degree as Bad-BHK cell lines, while expres-
sion level of BHRF1 was also lower than that of E1B19K
in these cell lines (Fig. 10A, right). Bad/E1B19K as well as
Bad/BHRF1 cell lines hardly died at 24 h postinfection
(Fig. 10C), suggesting that SNV infection does not trigger
apoptosis through Bad-mediated pathway in the pres-
ence of either E1B19K or BHRF1. The ability of BHRF1 to
bind to Bad is unclear, although it has been reported that
E1B19K cannot bind to Bad (Chen et al., 1996). To exam-
ine the direct interaction of E1B19K and BHRF1 with Bad,293T cells transiently expressing these proteins were
used for coimmunoprecipitation analysis (Fig. 10D). Bad
did not bind nonspecifically to Sepharose coupled with
Protein G and was coimmunoprecipitated with Bcl-xL. No
coimmunoprecipitation of Bad with E1B19K or BHRF1
was detected. Thus, these results suggest that both
E1B19K and BHRF1 are functionally related to Bcl-w
rather than to Bcl-2 or Bcl-xL in SNV-infected cells.
DISCUSSION
The Bcl-2 family of proteins is classified into at least
two categories, pro-survival and pro-apoptotic groups
(Adams and Cory, 1998). Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1/
Bfl-1, and Boo/Diva are known as mammalian pro-sur-
vival proteins of the Bcl-2 family. Expression of Bcl-xL is
found in many populations of neurons, whereas expres-
sion of Bcl-2 is low in neurons of the brain (Hamner et al.,
1999; Krajewski et al., 1995). Bcl-xL is essential for brain
development because extensive apoptotic cell death
was found in the developing brain of the Bcl-xL-deficient
mice (Motoyama et al., 1995). SNV infection causes ap-
optosis in neurons and in many mammalian cells, and
Bcl-2 and Bcl-xL suppress SNV-induced apoptosis
(Cheng et al., 1996; Levine et al., 1996). Bcl-w, Mcl-1, and
A1 are also known to be expressed in brain (Carrio et al.,
1996; Hamner et al., 1999; Krajewski et al., 1995). How-
ever, whether mammalian pro-survival members of the
Bcl-2 family other than Bcl-2 and Bcl-xL prevent SNV-
induced apoptosis has remained unclear. Thus, we ex-
amined the effect of those members on SNV-induced
apoptosis. Bcl-2, Bcl-xL, and Bcl-w share highly homol-
ogous BH4 domains and significantly suppressed SNV-
induced apoptosis, whereas Mcl-1 and A1 did not (Figs.
1 and 2). Mcl-1 and A1 were found to be deficient in the
BH4 domain which is critical for closing the channel of
the permeability transition pore complex (Shimizu et al.,
1999, 2000) (Fig. 1). However, viral Bcl-2 homologs,
E1B19K and BHRF1, lacking BH4 domain were also
shown to suppress SNV-induced apoptosis to the same
degree as Bcl-w (Fig. 10B). These results suggest that
while the pro-apoptotic activity is mediated by the BH4
domain, other mechanisms may also be involved in the
suppression of SNV-induced apoptosis. Mcl-1 is known
to be a rapidly degraded protein based on its PEST
sequence (Kozopas et al., 1993; Rogers et al., 1986), and
the expression of A1 was not detected after SNV infec-
tion (data not shown). Infection with SNV is known to
shut off synthesis of host protein (Griffin and Hardwick,
1997; Strauss and Strauss, 1994). Therefore, the stability
of the proteins of the Bcl-2 family might also be important
for SNV-induced apoptosis.
The pro-apoptotic group is further divided into the Bax
subgroup and the BH3-only subgroup (Adams and Cory,
1998). Lewis et al. have reported that Bax acts as a
pro-survival player rather than being pro-apoptotic in
d by A
were
266 MORIISHI, KOURA, AND MATSUURAhost cells infected with SNV (Lewis et al., 1999). Thus, we
examined the effect of the BH3-only subgroup on the
SNV-induced apoptosis. Bid is known to promote pro-
apoptotic activity of Bax subgroup by direct interaction.
Bid induces the oligomerization of Bax on mitochondria
and then potentiates the pro-apoptotic function of Bax
(Desagher et al., 1999; Eskes et al., 2000). In contrast,
Bad is known to inactivate the pro-survival function of
Bcl-xL and Bcl-2 by direct interaction with them (Yang et
al., 1995). Akt/PKB (Datta et al., 1997), or mitochondria-
anchored PKA (Harada et al., 1999), are kinases possibly
involved in the inactivation of the pro-apoptotic function
of Bad in healthy cells. Phosphorylated Bad binds to the
14-3-3 protein and is then sequestered in cytosol (Wang
et al., 1999; Zha et al., 1996). Overexpression of Bad did
not cause cell death in 293T (Fig. 3) and BHK cells (data
not shown) in the absence of SNV, suggesting that the
pro-apoptotic activity of Bad is strictly inhibited in healthy
BHK cells. However, Bad expression potentiated SNV-
induced apoptosis in 293T (Fig. 3) and BHK cell lines
(data not shown). SNV infection promoted translocation
of endogenous Bad to mitochondria and the het-
erodimerization of endogenous Bad with endogenous
Bcl-xL (Fig. 4). Enhancement of apoptosis in Bad-ex-
pressed cells is not a general incident in the field of
apoptosis, because Bad expression does not promote
the Fas-mediated apoptosis (Fig. 3). In the presence of
an apoptotic signal such as an anti-cancer drug, Bad is
dephosphorylated by a specific phosphatase such as
calcineurin and then inactivates Bcl-2 or Bcl-xL (Ayllon et
al., 2000; Wang et al., 1999; Zha et al., 1996). SNV infec-
tion accelerated Bad-mediated apoptosis by means of
the dephosphorylation of Bad, followed by cytochrome c
release (Figs. 5 and 6). These results indicate that SNV
infection activates a certain phosphatase that dephos-
FIG. 9. Intracellular localization of Bcl-w and Bad. The BHK cell lin
anti-Flag (center panel ) or rat anti-HA antibody (left panel), followe
594-conjugated anti-rat IgG antibodies (red), respectively. Both imagesphorylates Bad.
Yang et al. have reported that Bad-mediated apoptosisis due to a direct interaction with Bcl-xL and Bcl-2 (Yang
et al., 1995). However, two contradictory results regard-
ing the interaction between Bad and Bcl-w have been
reported. Holmgreen et al. have reported that Bad binds
to Bcl-w, although Bcl-w could inhibit Bad-mediated
apoptosis (Holmgreen et al., 1999). On the other hand,
Metcalfe et al. have reported that GST-Bcl-w does not
coprecipitate with Bad in mammary gland cells (Metcalfe
et al., 1999). In the present study, no direct association of
Bcl-w with Bad was observed (Figs. 8 and 9). Bcl-w is
expected to stabilize VDAC because of BH4-sharing pro-
tein, although direct evidence has yet to be reported.
Bcl-w might displace Bcl-xL (or Bcl-2) inactivated by Bad
and promote cell survival by stabilizing VDAC under
apoptotic condition.
E1B19K and BHRF1 share quite a low degree of ho-
mology with BH1 domains and have no region homolo-
gous to the BH4 domain (Figs. 1A and 1B). The BH4
domain is essential for closure of the permeability tran-
sition pore complex but does not directly bind to mem-
bers of the Bax-subgroup (Shimizu et al., 2000). E1B19K
and BHRF1 were shown to bind directly to Bax, Bak, or
Bok (the Bax subgroup) and modulate their physiological
functions (Chen et al., 1996; Hsu et al., 1997). In this
study, SNV-induced apoptosis was suppressed by
E1B19K and BHRF1, irrespective of the expression of
Bad. Both viral Bcl-2 homologs may promote cell survival
by modulating members of Bax subgroup other than Bax
itself (Lewis et al., 1999) and closing the permeability
transition pore complex.
It has been reported that Bcl-2 and Bcl-xL lose their
pro-survival activities in response to SNV infection
(Cheng et al., 1997; Clem et al., 1998). Bcl-2 is found to be
converted to a Bax-like death effecter by caspases after
either SNV infection or withdrawal of interleukine-3
coexpressing both Flag-Bcl-w and HA-Bad was stained with mouse
lexa Fluor 488-conjugated anti-mouse IgG (green) and Alexa Fluor
overlaid (right panel).e cl 3(Cheng et al., 1997). In addition, Clem et al. have reported
that cleavage of Bcl-xL during the execution phase of cell
ag antib
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(Clem et al., 1998). Grandgirard et al. have also reported
that Bcl-2 is inactivated by a specific caspase (Grandgi-
rard et al., 1998). Bad is also expressed in neuronal cells
of the brain (Kitada et al., 1998). Bad cDNA was actually
isolated from a human fetal brain library in this report.
Thus, endogenous Bcl-2 and Bcl-xL might not act as
pro-survival factor in the brain infected with SNV. In SCID
mice, SNV could proliferate in brain without causing
mortality (Levine and Griffin, 1993), suggesting that a
certain intracellular pro-survival factor inhibits the SNV-
induced apoptosis in neurons. Bcl-w does not have a
FIG. 10. Pro-survival activity of E1B19K and BHRF1 in the presence
BHRF1, and HA-tagged Bad in each stable cell line were confirmed by i
Flag-tagged Bcl-xL, Bcl-w, E1B19K, or BHRF1 was infected with SNV (m
standard deviations. (C) BHK cell lines expressing both Flag-E1B19K a
(Bad/BHRF1 cl 1, cl 2, and cl 3) were infected with SNV (m.o.i. 5 3). D
bars indicate standard deviations. (D) 293T cells were transfected with t
Bcl-xL, E1B19K, or BHRF1. Protein was immunoprecipitated with anti-Fl
antibody. Data shown are representative of three experiments.p-loop between the BH4 and BH3 domains, which acts
as a cleavage region in Bcl-2 and Bcl-xL (Gibson et al.,1996). Bcl-w is prominently expressed in brain, colon,
and salivary gland (Gibson et al., 1996; Hamner et al.,
1999; Minami et al., 2000; Pritchard et al., 2000), whereas
bcl-w-deficient mice exhibit normal development of
those organs (Print et al., 1998; Ross et al., 1998). Prith-
card et al. reported recently that Bcl-w protects small
intestine and colon from the apoptosis induced with
5-fluorouracil or gamma-radiation (Pritchard et al., 2000).
Bcl-w may be an important factor for protecting neuronal
cells from the damage induced by virus infection and
other agents rather than for brain development.
The mechanism by which members of the Bcl-2 family
ence of Bad. (A) Expression levels of Flag-tagged Bcl-w, E1B19K, and
blotting with anti-HA or anti-Flag antibody. (B) BHK cell line expressing
3). Dead cells were counted at 48 h postinfection. Error bars indicate
Bad (Bad/E1B19K cl 1, cl 2, and cl 3), or both Flag-BHRF1 and HA-Bad
lls were counted at 24 h postinfection by trypan blue exclusion. Error
mid encoding HA-Bad, together with the plasmid encoding Flag-tagged
ody and visualized by immunoblotting with anti-HA (3F10) or anti-Flagor abs
mmuno
.o.i. 5
nd HA-
ead ce
he plasregulate apoptosis is conserved evolutionarily. Ced-9
(Hengartner and Horvitz, 1994), Egl-1 (Conradt and Hor-
268 MORIISHI, KOURA, AND MATSUURAvitz, 1998), and Debcl/Drob-1/Dbok (Colussi et al., 2000;
Igaki et al., 2000; Zhang et al., 2000) were identified as
functional and structural homologs of the Bcl-2 family in
nematode and fly. The pro-apoptotic function of Bad
mimics the role found in the nematode apoptosis system.
In Caenorhabditis elegans, Egl-1 (BH3 only-protein) acti-
vates programmed cell death by binding to and directly
inhibiting Ced-9 (Bcl-2 homologs) (Conradt and Horvitz,
1998; del Peso et al., 1998, 2000). Unfortunately, no mem-
ber of the Bcl-2 family has not been identified in mos-
quito, which is a natural host of SNV. Egl-1 is regulated
by transcription rather than by posttranslational modifi-
cation (Conradt and Horvitz, 1998; del Peso et al., 1998).
Infection with SNV might cause the shutoff of host pro-
tein synthesis, including unidentified Egl-1-Bad homolog
in host mosquito cells, leading to the resistance of mos-
quito cells to SNV-induced apoptosis. Identification of the
proteins that regulate the apoptosis in mosquito should
help us to understand natural transmission of the arthro-
pod-borne infection and elucidate evolutionarily con-
served functions.
MATERIALS AND METHODS
Plasmids and reagents
Human Bad cDNA was isolated from a human fetal
brain library by the advanced yeast two-hybrid technique
(MATCHMAKER Two-hybrid system 3; Clontech, Palo
Alto, CA) using Bcl-2 as bait. The cDNA of Bad was
amplified with primers containing the HA tag sequence
and cloned into pIRESbleo (Clontech) and verified by
DNA sequencing. The pEF Flag pGKpuro vector and
derivatives expressing Bcl-2, Bcl-xL, Bcl-w, A1, E1B19k,
and BHRF1 were provided by Dr. David C. S. Huang (The
Walter and Eliza Hall Institute of Medical Research, Aus-
tralia) and have been described previously (Huang et al.,
1997, 1998). The derivative vector of pEF Flag pGKpuro
expressing Mcl-1 has been reported previously (Moriishi
et al., 1999). All proteins encoding insert fragments of
pEF Flag pGK puro vector share Flag tag at N terminus to
enable comparison of expression levels. Baby hamster
kidney (BHK) cells were obtained from Invitrogen (Carls-
bad, CA). Mouse anti-Flag antibody M2 and mouse
anti-HA antibody HA11 and rat anti-HA antibody 3F10
were purchased from Sigma (St. Louis, MO), Babco
(Richmond, CA), and Roche Molecular Biochemicals (To-
kyo, Japan), respectively. SNV (strain AR-339, ATCC
VR68) was purchased from the American Type Culture
Collection. Stable cell lines were established in mini-
mum essential medium Eagle alpha-modification
(Sigma) containing 25 mg/ml puromycin (Sigma) or 40
mg/ml Zeocin (Invitrogen). Mouse monoclonal anti-Bcl-x
(clone 2H12; PharMingen, Tokyo, Japan), mouse mono-
clonal anti-human Bcl-2 (clone Bcl-2 100; PharMingen),
mouse anti-Bad (clone 48; Trasduction laboratories, Lex-
ington, KY), mouse anti-cytochrome c (clone 7H8.2C12;PharMingen), mouse anti-Fas (clone CH-11; Medical and
Biological Laboratories, Nagoya, Japan), and mouse anti-
cytochrome c oxygenase subunit IV (clone 20E; Molec-
ular Probes, Oregon) antibodies were used for Western
blotting and immunofluorescence staining. Horseradish
peroxidase-conjugated goat antibodies to mouse, rat,
and rabbit immunoglobulins were purchased from ICN
pharmaceuticals (Aurora, OH). MitoTracker Red
CMXRos, cycloheximide and z-DEVD-FMK were pur-
chased from Molecular Probes, Sigma, and Trevigen
(Gaithersburg, MD), respectively.
Cell death assay
BHK cells (104 cells/well) were grown on a 96-well
plate (Iwaki, Tokyo, Japan) overnight and then infected
with SNV at a m.o.i. indicated in figure legends. After
incubation for the indicated times, numbers of dead cells
were determined by trypan blue exclusion.
Transfection, immunoprecipitation, and Western
blotting
All plasmid vectors were transfected into BHK and
293T cells by liposome-mediated transfection (Huang et
al., 1998; Moriishi et al., 1999). Briefly, 106 cells were
grown in a 10-cm dish for 24 h and then transfected by
incubation overnight with 2.5 mg of total plasmid DNA
and 15 ml of Lipofectamine (Life Techologies, Gaithers-
burg, MD) in 5 ml of Dulbecco’s modified Eagle’s medium
(DMEM; Sigma) lacking antibiotics. After addition of 5 ml
of DMEM supplemented with 20% fetal calf serum, the
cells were incubated for 18 h, harvested, washed twice in
cold phosphate-buffered saline (PBS), and then sus-
pended in 0.5 ml of Triton lysis buffer (20 mM Tris-HCl,
pH 7.4, 135 mM NaCl, 1% Triton-X 100, 10% glycerol,
supplemented with 0.5 mg/ml Pefabloc, 1 mM phenyl-
methylsulfonyl fluoride, 1 mg/ml soybean trypsin inhibi-
tor, 50 mM NaF, and 5 mM Na3VO4). Protein concentra-
tion was determined by using a Micro BCA Protein Assay
Kit (Pierce, Rockford, IL).
For immunoprecipitation, the lysate of transfectants (1
mg protein per reaction) was precleared by incubation at
4°C for 1.5 h with 20 ml of 50% (v/v) Protein G sepharose
4 Fast Flow beads (Amersham Pharmacia Biotech, NJ),
followed by centrifugation at 13,000 rpm for 5 min at 4°C.
The supernatant was mixed with excess (.1 mg) anti-
body at 4°C for 1.5 h, and then with 20 ml of 50% (v/v)
Protein G sepharose beads at 4°C for 1.5 h. The beads
were then washed five times with 0.5 ml of Triton lysis
buffer, and the bound proteins were eluted by boiling in
25 ml of loading buffer (0.5 M Tris-HCl, pH 6.8, 4% SDS,
20% glycerol, 0.005% bromophenol blue) containing 50
mM dithiothreitol. The eluted preparation was fraction-
ated by sodium dodecyl sulfate (SDS)-12.5% polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred
to a nitrocellulose membrane (Hybond-C super; Amer-
269FUNCTION OF Bcl-2 FAMILY IN SINDBIS VIRUS-INFECTED CELLsham Pharmacia Biotech). The resulting membrane was
incubated overnight in PBS containing 5% skimmed milk
powder and 0.05% Tween 20 for blocking nonspecific
binding of antibodies and then probed with anti-Flag, HA,
or Bcl-x antibody followed by goat anti-rat or mouse IgG
conjugated with horseradish peroxidase. Immunoreac-
tive proteins were visualized by using the enhanced
chemiluminescence (Super Signal femto chemilumines-
cent substrate; Pierce).
Preparation of cytosol fraction
The cytosolic fraction was prepared according to the
method of Ramsby et al. (Ramsby et al., 1994). BHK cells
were infected with SNV and then harvested at the indi-
cated time postinfection. The cells were washed twice
with PBS, and then permeabilized in digitonin buffer (20
mM HEPES, pH 7.4, 0.025% digitonin, 5 mM MgCl2, 10
mM KCl, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 0.5
mg/ml Pefabloc, 1 mM phenylmethylsulfonyl fluoride, 1
mg/ml soybean trypsin inhibitor, 50 mM NaF, and 5 mM
Na3VO4). The resulting preparation was centrifuged at
13,000 rpm for 2 min at 4°C. The supernatant was used
as the cytosolic fraction(s). The pelleted fraction (p)
which included the organelles, cytoskeleton, and mem-
branes, was solubilized in RIPA lysis buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5%
deoxycholic acid, 0.1 % SDS, 0.5 mg/ml Pefabloc, 1 mM
phenylmethylsulfonyl fluoride, 1 mg/ml soybean trypsin
inhibitor, 50 mM NaF, and 5 mM Na3VO4). Equivalent
portions of both fraction were used for further analysis.
Immunofluorescence staining of Bcl-w and Bad
Bcl-w and Bad were detected by immunofluorescence
staining according to the method of O’Connor et al.
(O’Connor et al., 1998). Bad/Bcl-w cl8 BHK cells were
grown on glass slides at 37°C overnight, washed twice
with PBS, and then fixed with 4% paraformaldehyde for
15 min at room temperature. After washing twice with
PBS, the cells were permeabilized for 15 min at room
temperature in PBS containing 0.5% Triton X-100 and
then incubated in PBS containing 5% bovine serum al-
bumin (PBS-BSA) for blocking. The blocked cells were
incubated at room temperature for 30 min in PBS-BSA
containing 4 mg/ml mouse anti-Flag antibody and 1
mg/ml rat anti-HA antibody (3F10). The cells were
washed three times with PBS-BSA and then incubated at
room temperature for 30 min in PBS-BSA containing 0.5
mg/ml Alexa Fluor 488-conjugated anti-mouse IgG (Mo-
lecular Probes, Eugene, OR) and Alexa Fluor 594-conju-
gated anti-rat IgG antibodies (Molecular Probes). Both
antibodies were highly crossabsorbed. After washing
three times with PBS-BSA, all samples were observed
with a Carl-Zeiss confocal laser-scanning microscope
(Carl-Zeiss, Tokyo, Japan).ACKNOWLEDGMENTS
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